Research in contextEvidence before this studyCurrent treatment modalities including targeted therapy or immunotherapy for advanced or metastatic RCC patients exhibit limited effects, and no clinically usable markers are available to differentiate different subgroups of RCC patients for a particular therapy and to accurately assess the prognosis and recurrence of the patients after treatments. In this context, many studies reported that gankyrin is over-expressed in various types of tumors and high expression predicts tumor progression and poor prognosis of patients.Added value of this studyHowever, the expression and prognostic value of gankyrin in RCC patients have not been explored.Implications of all the available evidenceGankyrin is up-regulated in human RCC and high gankyrin expression is positively associated with progression, metastasis and sunitinib-resistance of RCC. Gankyrin is an independent risk factor for predicting prognosis of RCC patients even through multivariable adjustment by clinical variables. Furthermore, the incorporation of gankyrin classifier into the current clinical parameters (TNM stage, Fuhrman nuclear grade, SSIGN) confers more accurate evaluation in predicting prognosis of RCC patients. These assessments were confirmed by two independent cohorts or randomized two sets of the merged patients. Therefore, gankyrin can potentially serve as an indicator of disease progression and prognosis of patients with RCC.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Renal cell carcinoma (RCC) is one of the most common cancers in the US with an estimated 65,340 new cases and nearly 15,000 mortalities in 2018 \[[@bb0005]\]. Most RCC patients gain localized tumors which are generally treated with surgical operation, while the remaining patients harbor metastatic RCC or relapse after local therapy and need to receive systemic treatment with targeted agents and/or inhibitors of immune checkpoint regulators \[[@bb0010]\]. But these treatment regimens have limited effects on advanced or metastatic RCC patients \[[@bb0010]\]. Increasing evidence suggests that due to tumor heterogeneity and individual difference of patients, the choice and decision of therapy should become more personalized \[[@bb0015]\]. Yet, no clinical markers are currently available to distinguish different subgroups of RCC patients for select therapies and to accurately gauge the prognosis and recurrence of the patients after treatments \[[@bb0020]\].

In the clinic, risk stratification and treatment decisions on RCC have largely depended on traditional clinicopathological parameters. TNM is one of the strongest prognostic factors in predicting the clinical outcome of patients with RCC \[[@bb0025]\]. Another stage-scoring system named SSIGN (Stage Size Grade and Necrosis) has been reported to classify patients with RCC into low, intermediate and high-risk subgroup according to stage, tumor size, nuclear grade, and the presence of tumor necrosis \[[@bb0030]\]. In addition, Fuhrman grade is the most widely accepted histologic grading system in RCC \[[@bb0035]\]. Moreover, molecular markers including oncogene, tumor suppressor, long non-coding RNA (LncRNA), microRNA, circRNA, etc. have also been used to predict clinical outcomes of RCC patients \[[@bb0040], [@bb0045], [@bb0050], [@bb0055]\]. However, none of these factors have been used as the basis for therapy approval and they are difficult to apply to precision medicine, which calls for novel and reliable markers for predicting clinical outcomes of RCC patients.

Gankyrin, encoded by the gene *PSMD10*, has been described as an oncoprotein that is a component of the 19S regulatory cap of the proteasome and plays crucial roles in proliferation, invasion and metastasis of various tumors \[[@bb0060],[@bb0065]\]. Moreover, many studies show that gankyrin is over-expressed in various types of tumors and high expression predicts tumor progression and poor prognosis of patients \[[@bb0070],[@bb0075]\]. For example, gankyrin expression was positively associated with histological differentiation, TNM stage, and metastasis of cholangiocarcinoma, and gankyrin was an independent prognostic indicator for overall survival \[[@bb0080]\]. These data highlight gankyrin as a potential biomarker in different cancers, but the clinical significance and biological function of gankyrin in renal cancer have not been explored.

In this study, we demonstrate that gankyrin is up-regulated in human RCC and gankyrin expression is positively associated with progression, metastasis and sunitinib-resistance of RCC. Moreover, we confirm gankyrin as an independent risk factor for predicting prognosis of RCC patients even after multivariable adjustment by clinical variables. Further, the incorporation of gankyrin classifier into the current clinical parameters or scores (TNM stage, SSIGN, Fuhrman nuclear grade) achieves more accurate evaluation in predicting prognosis of RCC patients. Therefore, gankyrin serves as a novel and excellent indicator for evaluating disease progression and prognosis of patients with RCC.

2. Materials and methods {#s0025}
========================

2.1. Public databases collection {#s0030}
--------------------------------

TCGA data were downloaded using FirebrowseR package. We selected KIRC dataset from all TCGA cohorts, and filter out all patient barcodes and gene mRNA expression profiles and clinical data with tumor and matched controls. 72 RCC patients were considered finally for differential expression analysis. Interested gene expression data sets were queried in GEO database (<https://www.ncbi.nlm.nih.gov/geo/>) using key words, such as "kidney cancer" and "human" using either RNA micro arrays or RNA high-throughput sequencing platform. Then, for each dataset, we normalized gene expression profiles using quantile method via IntClust package in R (3.5.1). Differential expressed genes were analyzed using limma package. Metafor package was used to perform meta-analysis for total 5 datasets using Mixed effect models. A set of microarray data were analyzed with the Oncomine (<http://www.oncomine.org>) databases. The data were filtered by "PSMD10", "RCC and normal tissues" and the data type was defined as mRNA. Then 10 datasets were acquired, and a meta-analysis was carried out to compare the level of the Gankyrin (PSMD10) between the RCC and adjacent non-tumor renal tissues.

2.2. Patients and specimens {#s0035}
---------------------------

Two independent cohorts, cohort 1 (*n* = 112, Changhai hospital, Shanghai, China) and cohort 2 (*n* = 135, Fudan University Shanghai Cancer Center, Shanghai, China), of RCC patients who were pathologically diagnosed between 2012 and 2013 were recruited in this study. The present study was followed the reporting recommendations for tumor marker prognostic studies (REMARK) \[[@bb0085]\], and was approved by the institutional ethical review boards from all hospitals, and written informed consent was obtained from all patients. The clinical characteristics of the two independent sets are summarized in [Table 1](#t0005){ref-type="table"} and Supplementary Table S1. The patients were also merged and randomly divided by 1:1 ratio into a training (*n* = 124) and a validation set (*n* = 123) ([Table 2](#t0010){ref-type="table"} and Supplementary Table S2). Pathologic specimens were evaluated by a surgical pathologist (GJH), with stage and grade determined according to the 2010 American Joint Committee on Cancer guidelines and Fuhrman grading system, respectively. The clinical data of these RCC patients at diagnosis included age, gender, Fuhrman nuclear grade, TNM stage, and SSIGN score \[[@bb0090]\]. The primary outcomes were overall and progression-free survival. Overall survival is the duration of follow-up from surgery to the date of death or last clinic visit, and progression-free survival is the duration of follow-up from surgery to the data of disease progression identified by MRI, CT or ECT, or last clinic visit.Table 1Clinicopathologic characteristics of RCC patients by gankyrin expression in cohort 1 (n = 112).Table 1CharacteristicGankyrinSum (112)*P* valueLow expression(*n* = 76)High expression(*n* = 36)Age0.848 \<60452267 ≥60311445Gender0.898 Male542680 Female221032Fuhrman0.061 116218 2381856 3181028 44610TNM stage0.001 1--2712596 351116SSIGN\<0.001 1--47625101 ≥501111Overall survival\<0.001 −732497 +31215Progression free survival0.001 −7327100 +3912[^2]Table 2Clinicopathologic characteristics of RCC patients by gankyrin expression in training data set (n = 124).Table 2CharacteristicGankyrinSum (124)*P* valueLow expression(*n* = 83)High expression(*n* = 41)Age0.114 \<60372461 ≥60461763Gender0.182 Male642791 Female191433Fuhrman0.002 112113 2481563 3212142 4246TNM stage0.021 1--27833111 35813SSIGN\<0.001 1--48331114 ≥501010Overall survival\<0.001 −7926105 +41519Progression free survival\<0.001 −8024104 +31720[^3]

2.3. Real-time polymerase chain reaction (Real-time PCR) {#s0040}
--------------------------------------------------------

Total RNAs of RCC specimens or cell lines were extracted with RNAiso Plus (Takara, Kusatsu, Shiga Prefecture, Japan) and their corresponding cDNAs were synthesized using a PrimeScript One Step RT reagent Kit (Takara). Real-time PCR was conducted with SYBR Green Real-Time PCR Master Mix (QPK201, Toyobo, Osaka, Kansai, Japan) on an ABI PRISM 7300HT Sequence Detection System. All results were normalized to the expression of β-actin. Fold change relative to the mean value was determined by 2^−△△Ct^. The primer sequences: *PSMD10* (forward primer, 5′-AACTGACCAGGACAGCAGAACT-3′, and reverse primer, 5′-ACAGCATTCA.

CTTGAGCACCTT-3′), *ACTIN* (forward primer, 5′-CCCTGGCACCCAGCAC-3′, and reverse primer, 5′-GCCGATCCACACGGAG-3′).

2.4. Western blot {#s0045}
-----------------

Western blot was performed as we previously reported \[[@bb0095]\]. The following primary antibodies were used: rabbit anti-gankyrin antibody (Abcam, USA), rabbit anti-GAPDH antibody (Cell Signaling Technology, USA). The secondary antibodies were goat anti-rabbit IgG-HRP-linked antibody from Cell Signaling Technology (Danvers, MA, USA).

2.5. Immunohistochemistry (IHC) {#s0050}
-------------------------------

IHC was performed as we previously described \[[@bb0095]\], and the following primary antibodies were used: rabbit anti-gankyrin antibody (Abcam). Cases were scored semiquantitatively as negative, weakly positive, moderately positive, or strongly positive along with the percentage of positive cells, after which an H-score was generated as a score of 0--3 intensity multiplied by the percentage of positive cells (range 0--300) \[[@bb0100]\]. And The H score of each patient was calculated by two independent and experienced pathologists in double blind way.

2.6. Cell culture {#s0055}
-----------------

RCC cell lines used in this study were obtained from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) in 2017. HK-2 cells were maintained in DMEM, High Glucose medium (Gibco, Waltham, MA, USA). A498 and ACHN cells were cultured in Minimum Essential Medium (Gibco). 786-O cells were maintained in RPMI-1640 medium (Gibco). Caki-1cells were maintained in McCoy\'s 5A Medium (Gibco). The culture media of all cell lines were supplemented with fetal bovine serum (FBS, 10%, Gibco), 1% penicillin/streptomycin (Gibco). RCC cell lines were cultured at 37 °C in 5% Co~2~. Sunitinib-resistant 786-O and 769-p cell lines (786-O-SR and 769-p-SR) were continuously exposed to increasing dose of sunitinib (Selleck, USA) for about 12 weeks. The starting dose was 5 μM and this was increased to 10 μM after 4 weeks, to 15 μM after another 4 weeks and continued at 15 μM for the last 4 weeks. The established resistant 786-O and 769-P cell lines were then maintained in DMEM medium with 10% (v/v) FBS and 10 μM sunitinib.

The cell lines in this study were authenticated by short tandem repeat (STR) profiling and detected for mycoplasma contamination using a Mycoplasma Detection Kit (Selleck Chemicals), and the most recent tests were conducted in September 2018. All cell lines used in this study were cultured within 40 passages.

2.7. Gene knockdown {#s0060}
-------------------

The 786-O cells were cultured in 6-well plates, inoculated at a density of 5 × 10^4^ cells/ml, and transfected with the shRNAs expressing lentivirus (sh-gankyrin) or control lentivirus at a multiplicity of infection (MOI) of 45. After 72 h transfection, they were observed and photographed under microscope. The sequences for shRNA were presented in Supplementary Table S1.

2.8. Cell proliferation assays {#s0065}
------------------------------

The proliferation of RCC cells under the indicated conditions was evaluated using a CCK-8 kit (Dojindo, Kumamoto, Kyushu, Japan), which was described in our previous study \[[@bb0095]\]. The proliferation rates are presented as a proportion of the control value, which was obtained from the treatment-free groups.

2.9. Animal experiments and in vivo imaging {#s0070}
-------------------------------------------

All experimental animal procedures were approved by the Animal Care and Use Committee of the Second Military Medical University (Shanghai, China). 786-O cells were transfected with the luciferase reporter gene, which were applied in subcapsular RCC formation assays. Tumor growth was monitored weekly by live-animal bioluminescence optical imaging using an IVIS Lumina II imaging system (PerkinElmer, Hopkinton, MA, USA) after intraperitoneal injection of D-luciferin (150 mg/kg) (Gold Biotech, USA) in 100 μl of DPBS.

For renal subcapsular tumor cell implantation, briefly, 6-wk-old male Nod-scid mice (six per treatment group) were anesthetized and placed in the left lateral decubitus position. A vertical incision was made in the right flank through the skin and peritoneum, exposing the lateral aspect of the kidney. The kidney was lifted gently and stabilized. 20 μl of the Matrigel/medium (1:1) suspension containing 1 × 10^6^ 786-O or 786-O-SR-luc cells from indicated groups were inoculated under the renal capsule using a 24-gauge needle inserted from the lower pole of the kidney. Mice were divided into 4 groups 21 days after tumor implantation. Mice in treatment groups were treated with sunitinib (40 mg/kg) 5 days on, 2 days off by oral gavage, while the control group were treated with vehicle. The mice were sacrificed 10 weeks after injection, and tumors were removed and fixed in 10% buffered formalin solution for further experiments.

2.10. Statistical analysis {#s0075}
--------------------------

Numerical data were expressed as the mean ± S.D. Statistical differences between variables were analyzed by two-tailed Student\'s *t*-test. Survival curves were plotted using the Kaplan-Meier method and compared via log-rank analysis. Variables with *p* values \< 0.1 on the univariate analysis were included in multivariate Cox proportional hazards analysis. Difference was considered significant at *P* \< 0.05. Time-dependent receiver operating characteristics (ROC) analysis was used to determine the cut-off value of H-score of gankyrin with "survival ROC" package, R software 3.4.4. Time-dependent area under the receiver operating characteristic curve (AUC) was computed with the "time ROC" package. Prognostic accuracy of the gankyrin classifier and other prognostic indicators was performed by Harrell\'s concordance index (c-index). All experiments were performed independently at least three times. All the analyses were performed using the GraphPad Prism 5 (GraphPad Software, Inc.), SPSS 21.0 (IBM Corporation, Armonk, New York, USA) software and R-project for statistical computing (version 3.4.4).

3. Results {#s0080}
==========

3.1. Gankyrin is up-regulated in renal cell carcinoma (RCC) {#s0085}
-----------------------------------------------------------

Though gankyrin serves as a helpful indicator for predicting disease progression and poor prognosis of patients with certain malignant tumors \[[@bb0105]\], the expression and clinical significance of gankyrin in RCC patients have not been established. We first examined the expression of gankyrin in specimens from RCC patients. Available databases from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and ONCOMINE were analyzed, which all showed that higher mRNA expression of gankyrin (*PSMD10*) was observed in RCC specimens compared with adjacent non-tumor renal tissues ([Fig. 1](#f0005){ref-type="fig"}a--c). To validate this finding, real-time PCR and Western blot were employed to assess gankyrin expression in paired RCC specimens and their adjacent renal tissues from patients. Real-time PCR showed that most RCC specimens exhibited higher mRNA expression of gankyrin than that in normal tissues (43/54) ([Fig. 1](#f0005){ref-type="fig"}d). Secondly, the specificity of the anti-gankyrin antibody was examined (Supplementary Fig. S1a--c) and Western blot analysis revealed increased protein expression of gankyrin in most RCC specimens (16/20) in contrast to matched normal tissues ([Fig. 1](#f0005){ref-type="fig"}e). Furthermore, immunohistochemistry (IHC) was performed in tissue microarrays from RCC patients (*n* = 247) in two independent clinical centers to detect the expression of gankyrin. Consistent with the above results, most RCC specimens exhibited higher gankyrin expression compared with adjacent tissues (201/247) ([Fig. 1](#f0005){ref-type="fig"}f). Taken together, gankyrin is commonly up-regulated in human RCC specimens.Fig. 1Gankyrin is up-regulated in renal cancer carcinoma (RCC). a, Expression of gankyrin (*PSMD10*) in human RCC tissues and normal renal tissues was analyzed using the TCGA database (kidney renal clear-cell carcinoma, KIRC). All data were divided into RCC and normal samples (*n* = 72). The z-score was calculated to compare the expression differences that is shown by box plots (\*\*\**p* \< 0.001; Wilcoxon test), Values represented as the mean ± SEM. b, Forest plot of meta-analysis for gankyrin (*PSMD10*) was performed, and integrated statistics using random-effects model, Hedges estimator, was computed. Total 5 datasets were utilized to perform meta-analysis, with 331 tumors and 270 normal controls. c, The relative mRNA expression of gankyrin (*PSMD10*) in RCC specimens compared with adjacent non-tumor renal tissues, of which the data were obtained from ten independent studies published in ONCOMINE database. d, Real-time PCR was employed to detect the expression of gankyrin in paired tumor specimens and their adjacent renal tissues from RCC patients (*n* = 54). e, The protein expression of gankyrin was examined in matched RCC specimens and their adjacent renal tissues by Western blot analysis (*n* = 20) (\*\**p* \< 0.01; Wilcoxon test), values represented as the mean ± SD. f, Representative hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) staining for gankyrin in RCC tissues and the matched adjacent tissues have been presented (*n* = 247; scale bar = 50 μm). The expression of gankyrin was evaluated by H-score, which has been listed in [Materials and methods](#s0025){ref-type="sec"} (*p* value: Wilcoxon test), values represented as the mean ± SD. All *p* values are defined as: \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.Fig. 1

3.2. Gankyrin expression positively associates with disease progression, metastasis and sunitinib-resistance of RCC patients {#s0090}
----------------------------------------------------------------------------------------------------------------------------

We postulated that gankyrin might be positively associated with progression and metastasis of RCC. We performed IHC in tissue microarrays from RCC patients (*n* = 247) and found that gankyrin expression was higher in specimens from locally advanced RCC or RCC with bone metastasis compared to localized RCC ([Fig. 2](#f0010){ref-type="fig"}a). Similarly, analyses in a normal renal cell line (HK-2) and various types of RCC cell lines demonstrated lower mRNA and protein expression of gankyrin in HK-2 and local RCC cell lines 769-P, A498, and 786-O, and higher expression of gankyrin in the metastatic cell lines such as ACHN and Caki-1 ([Fig. 2](#f0010){ref-type="fig"}b--c). Thus, there is a positive correlation between gankyrin expression and progression or metastasis of RCC.Fig. 2Gankyrin expression positively associates with disease progression, metastasis and sunitinib-resistance of RCC patients. (a) Representative H&E and IHC staining for gankyrin in RCC tissues ranked by different disease stage as localized, locally advanced, bone metastasis (scale bar = 50 μm). And the expression of gankyrin was evaluated by H-score (P value: Wilcoxon test), values represented as the mean ± SD. b--c, The mRNA (b) and protein (c) expressions of gankyrin in a normal renal cell line (HK-2) and various types of RCC cell lines (769-P, A498, 786-O, ACHN and Caki-1) were respectively detected by real-time PCR (b), the PSMD10 expression was normalized to β-actin (ΔCt) and compared with the expression level in HK2 (ΔΔCt), fold change compared to HK2 is presented (P value: Wilcoxon test), values represented as the mean ± SD and Western blot (c). d--e, Real-time PCR (d) and Western blot (e) were used to examine the mRNA (d) (P value: Wilcoxon test), values represented as the mean ± SD, and protein (e) expressions of gankyrin in sunitinib-resistant 786-O (786-O-SR) and sunitinib-resistant A498 (A498-SR) cells. f--g, 786-O and 786-O-SR with stable luciferase expression were injected into the subcapsular kidney of mice and tumor growth was monitored using an in vivo imaging system. After 21 days, the mice were divided into four groups: (i) naïve 786-O group; (ii) 786-O group intraperitoneally injected with sunitinib (40 mg/kg); (iii) naïve 786-O-SR group; (ii) 786-O-SR group intraperitoneally injected with sunitinib (40 mg/kg). (f) The images of luciferase intensity and representative H&E and IHC staining for gankyrin in orthotopic tumors from mice in different groups were presented (scale bar = 50 μm). (g) The expression of gankyrin was evaluated by H-score (P value: Wilcoxon test), values represented as the mean ± SD. All p values are defined as: \*p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001.Fig. 2

Given that drug-resistance is a common problem in targeted therapies for RCC and a critical cause of poor prognosis, we sought to determine the association of gankyrin expression with sunitinib-resistance of RCC. First, sunitinib-resistant RCC cell lines 786-O-SR and 769-p--SR were established after treatment by sunitinib for three months, which was validated by CCK-8 proliferation assays showing that the growth of 786-O-SR or 769-p--SR was not inhibited under sunitinib treatment (Supplementary Fig. S2a--b). As shown in [Fig. 2](#f0010){ref-type="fig"}d-e by real-time PCR and Western blot assays, 786-O-SR or 769-p--SR cells exhibited higher gankyrin expression than that in naïve 786-O or 769-p cells. Moreover, an orthotopic RCC model was established using luciferase-expressing 786-O or 786-O-SR cells injected into the subcapsular kidney of NOD/SCID mice. After 21 days post-injection, all mice in the two groups were respectively randomly divided into two groups which were treated without or with sunitinib. As shown in [Fig. 2](#f0010){ref-type="fig"}f and Supplementary Fig. S2c, sunitinib-treated 786-O group exhibited the inhibition of tumor growth, but there was no statistical difference in tumor growth between sunitinib-treated 786-O-SR group and naïve 786-O-SR group, indicating the sunitinib-resistance of 786-O-SR in vivo. IHC staining showed that higher gankyrin expression was observed in sunitinib-treated 786-O-SR group and 786-O group in contrast to naïve 786-O group ([Fig. 2](#f0010){ref-type="fig"}g). These results indicate that up-regulated gankyrin is predictive of progression, metastasis and sunitinib-resistance of RCC.

3.3. High gankyrin expression predicts unfavorable clinicopathological characteristics and poor prognosis of RCC patients {#s0095}
-------------------------------------------------------------------------------------------------------------------------

To further validate comprehensively the correlation between gankyrin expression and clinicopathological characteristics or prognosis of RCC patients, two independent cohorts of RCC patients from two independent clinical centers were recruited, and the clinicopathological characteristics of the patients are listed in [Tables 1](#t0005){ref-type="table"} and Supplementary Table S2. The study design is shown in Supplementary Fig. S2d. IHC was applied in tissue microarrays to examine the tissue expression of gankyrin in the two RCC cohorts ([Fig. 3](#f0015){ref-type="fig"}a), and gankyrin expression was determined by the H-score (listed in [Materials and methods](#s0025){ref-type="sec"}). The optimal cut-off values for dividing patients into the low and high gankyrin expression groups (Gankyrin^high^ and Gankyrin^low^) were determined by time-dependent ROC analysis, which indicated that the best cut-off value was 210 (H score) with an area under the curve (AUC) of 0.803 using 5-year overall survival (OS) as the end point in cohort 1 (*n* = 112) ([Fig. 3](#f0015){ref-type="fig"}b). As expected, high expression of gankyrin indicated advanced TNM stage and higher SSIGN score ([Table 1](#t0005){ref-type="table"}). Then Kaplan-Meier survival analysis was applied to compare OS and progression-free survival (PFS) between Gankyrin^high^ and Gankyrin^low^ subgroups of RCC patients, and Gankyrin^high^ subgroup presented worse OS (*p* \< 0.001) and PFS (*p* = 0.001), compared with that of Gankyrin^low^ subgroup ([Fig. 3](#f0015){ref-type="fig"}c). In addition, another cohort (cohort 2; *n* = 135) was employed as a validation set using the cut-off value (H-score = 210) derived from cohort 1. As expected, high expression of gankyrin indicated higher Fuhrman nuclear grade, advanced TNM stage, and higher SSIGN score (Supplementary Table S2). Kaplan-Meier analysis also revealed that patients with higher gankyrin expression exhibited markedly worse OS (*p* \< 0.001) and PFS (*p* \< 0.001) than their counterparts ([Fig. 3](#f0015){ref-type="fig"}d).Fig. 3High gankyrin expression in specimens predicts unfavorable clinicopathological characteristics and poor prognosis of RCC patients. a, Representative H&E and IHC staining of gankyrin in tissues from RCC patients are shown (scale bar = 50 μm). According to the expression level of gankyrin (H-score) in specimens, RCC patients were divided into two groups: a gankyrin^low^ group (H-score values of 0--210) and a gankyrin^high^ group (IRS values of 211--300). b, A time-dependent receiver operating characteristics (ROC) analysis was performed to determine the optimum cut-off value of the gankyrin (H-score) to predict 5-year overall survival (OS) in cohort 1 (*n* = 112). c-f, Kaplan-Meier curves for OS (c) and progression-free survival (PFS) (d) of RCC patients were analyzed according to OV6 expression in cohort 1 (n = 112; c), cohort 2 (*n* = 135; d), training set (*n* = 124; e) or validation set (*n* = 123; f) (P value: log rank test). All *p* values are defined as: \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.Fig. 3

We then merged the RCC patients in the above two cohorts, and randomly divided them into the training set (*n* = 124) and the validation set (*n* = 123) at a 1:1 ratio ([Table 2](#t0010){ref-type="table"}; Supplementary Table S3). Consistent with the best cut-off derived from cohort 1, the best cut-off value of H-score was also 210, with an AUC of 0.884 using 5-year OS as the end point in the training set (Supplementary Fig. S2e). As expected, high gankyrin expression in RCC samples was positively associated with higher Fuhrman nuclear grade, advanced TNM stage, and higher SSIGN score in both the randomized training and validation sets ([Table 2](#t0010){ref-type="table"}; Supplementary Table S3). More importantly, Kaplan-Meier analysis revealed that Gankyrin^high^ subgroup exhibited markedly poorer OS (*p* \< 0.001 in both the training and validation sets) and PFS (*p* \< 0.001 in both the training and validation sets) than the Gankyrin^low^ subgroup ([Fig. 3](#f0015){ref-type="fig"}e--f). Thus, gankyrin expression is a helpful indicator for clinicopathological characteristics and prognosis of RCC patients.

3.4. Incorporation of gankyrin classifier into the current clinical prognostic parameters better predicts prognosis of RCC patients {#s0100}
-----------------------------------------------------------------------------------------------------------------------------------

To further appraise the prognostic value of gankyrin in RCC patients, univariate and multivariate Cox regression analyses (including gankyrin, general clinical parameters and the existing clinical staging system such as Fuhrman nuclear grade, SSIGN and TNM stage) were used to determine if gankyrin expression could be an independent risk factor for predicting OS or PFS of RCC patients. Even after multivariable adjustment by clinical variables, gankyrin or TNM stage respectively appeared to be an independent risk factor not only in cohort 1 and cohort 2 ([Table 3](#t0015){ref-type="table"}; Supplementary Table S4), but also in the two randomized sets (Supplementary Tables S5--6).Table 3Univariate and multivariate Cox regression analysis of gankyrin expression classifier and clinical characteristics with Overall Survival and Progression Free Survival in cohort 1(n = 112).Table 3Overall survivalProgression free survivalCharacteristicsUnivariateMultivariateUnivariateMultivariateHR (95% CI)*P* ValueHR (95% CI)*P* ValueHR (95% CI)*P* ValueHR (95% CI)*P* ValueAge (\<60 y vs ≥ 60 y)1.764 (0.639--4.865)0.2731.533 (0.494--4.755)0.460Gender (Male vs Female)0.888 (0.283--2.790)0.8390.814 (0.220--3.009)0.758Fuhrman (1--2 vs 3--4)3.047 (1.084--8.561)0.0350.698 (0.170--2.867)0.6182.781 (0.882--8.766)0.081TNM stage (1--2 vs 3--4)12.455 (4.414-35.146)\<0.0015.595 (1.452--21.561)0.01215.905 (4.773--52.994)\<0.0019.582 (2.317--39.620)0.002SSIGN (1--4 vs ≥ 5)12.809 (4.602--35.655)\<0.0012.425 (0.550--10.700)0.2428.107 (2.549--25.781)\<0.0011.150 (0.279--4.733)0.847Gankyrin expression (Low vs High)10.030 (2.828--35.571)\<0.0014.396 (1.029--18.777)0.0466.809 (1.842--25.167)0.0046.024 (1.606--22.594)0.039

Since many studies have shown that combined biomarkers are able to improve the prognostic accuracy for RCC patients than a single biomarker \[[@bb0110]\], we further investigated whether the incorporation of gankyrin into the current clinical staging systems or indicators could better predict the prognostic accuracy for OS or PFS of RCC patients. By using time-dependent AUC analysis, the incorporation into TNM stage showed higher AUC than that of gankyrin or TNM stage alone in cohort 1 and cohort 2, also in the randomized training and validation sets. These results demonstrate that combining gankyrin and TNM stage yields better prognostic accuracy in assessing prognosis of RCC patients than the two indicators individually. Moreover, the incorporation of gankyrin into the existing clinical parameters such as Fuhrman, SSIGN or TNM stage were compared with the indicator alone by Harrell\'s c-index analysis in predicting prognosis of RCC patients. As shown in [Table 4](#t0020){ref-type="table"} and Supplementary Table S7, c-index value of gankyrin combined with Fuhrman, SSIGN or TNM stage for OS or PFS of RCC patients in both the two independent cohorts was respectively higher than gankyrin or other indicators alone, which was also confirmed in the randomized training and validation sets. Thus, improved prognostic accuracy could be accomplished by combining gankyrin expression with the existing clinical staging systems in predicting survival of RCC patients.Table 4C-index analysis of the prognostic accuracy of gankyrin classifier and other variables for Overall Survival and Progression Free Survival in cohort 1 and 2.Table 4Overall survivalProgression free survivalCharacteristicsCohort 1 (n = 112)Cohort 2 (n = 135)Cohort 1 (n = 112)Cohort 2 (n = 135)Age0.5682 (0.4431--0.6932)0.5582 (0.4320--0.6844)0.5515 (0.4184--0.6846)0.5604 (0.4330--0.6878)Gender0.5133 (0.3970--0.6295)0.5019 (0.3904--0.6133)0.5519 (0.4281--0.6756)0.5067 (0.3952--0.6181)Fuhrman0.6309 (0.5105--0.7513)0.7267 (0.6001--0.8534)0.6192 (0.4910--0.7474)0.7304 (0.6029--0.8580)TNM stage0.7188 (0.6398--0.7978)0.6826 (0.6362--0.7290)0.7195 (0.6359--0.8032)0.6927 (0.6474--0.7379)Gankyrin0.7602 (0.6444--0.8760)0.7868 (0.6699--0.9037)0.7898 (0.6650--0.9147)0.7954 (0.6781--0.9126)SSIGN0.7036 (0.6397--0.7676)0.6773 (0.6238--0.7308)0.7316 (0.6574--0.8057)0.6863 (0.6349--0.7376)Gankyrin + Fuhrman0.7880 (0.6513--0.9247)0.8235 (0.6865--0.9605)0.8053 (0.6595--0.9510)0.8321 (0.6941--0.9701)Gankyrin + SSIGN0.8019 (0.6849--0.9189)0.8285 (0.7098--0.9473)0.8357 (0.7092--0.9622)0.8414 (0.7223--0.9605)Gankyrin + TNM stage0.8368 (0.7144--0.9591)0.8445 (0.7267--0.9623)0.8748 (0.7441--1.0000)0.8590 (0.7406--0.9773)

4. Discussion {#s0105}
=============

Though surgical operation is an effective treatment for localized RCC, systemic therapy serves as the mainstay of treatment for patients who relapse after surgery or who have advanced or metastatic RCC \[[@bb0015]\]. Great progress has been made from the non-specific immunotherapy to current targeted therapy (against VEGF, PDGF, or other targets such as mTOR or MET and AXL tyrosine-protein kinase receptors) and to the use of immune-checkpoint inhibitors \[[@bb0110]\]. However, a serious clinical hurdle remains about how to accurately distinguish the subgroups of RCC patients and choose the appropriate treatment for them to obtain the best possible therapeutic benefit \[[@bb0010]\]. Many studies have contributed to the search for potential indicators for predicting the clinical outcomes for RCC patients, which might help to make more appropriate treatment selection for individual patients \[[@bb0115], [@bb0120], [@bb0125], [@bb0130]\]. In the present study, we for the first time demonstrate that the expression of gankyrin is positively associated with disease progression, metastasis, sunitinib-resistance and poor prognosis of RCC patients. Moreover, gankyrin expression is an independent risk factor for overall survival and progression-free survival of RCC patients.

An accumulating number of studies indicate that combined molecular biomarkers with clinicopathological features or scores are able to improve the prognostic accuracy for RCC patients than a single biomarker \[[@bb0110]\]. The University of California Los Angeles (UCLA) Integrated Staging System (UISS) and SSIGN score are integrated with clinical TNM stage and Fuhrman nuclear grade, which could accurately screen out patients with high-risk for adjuvant studies \[[@bb0135]\]. Though there are numerous reports of gankyrin as a potential biomarker for predicting prognostic outcome of patients with various tumors \[[@bb0105]\], the combination of gankyrin with the current clinical parameters or indicators had not been attempted for the prognostic value for RCC patients. In the present study, we further incorporated gankyrin into the clinical parameters such as Fuhrman nuclear grade, TNM or SSIGN staging score, which resulted in improved prognostic superiority and accuracy in OS and PFS of RCC patients, compared to using gankyrin or other parameters alone. Thus, gankyrin could serve as a meaningful indicator for predicating outcome of RCC patients, especially when combined with the current clinical parameters or indicators. The combined parameters help distinguish different subgroups of RCC patients for particular therapeutic modalities. It should be pointed out that although this type of studies by us and others provide novel biomarkers with superiority in predicting disease progression and prognosis of RCC patients, further clinical studies are needed to confirm the applicability of these clinical tests for RCC patient stratification and for accurately predicting outcomes and treatment response of patients.

Gankyrin plays an oncogenic role in cell proliferation and apoptosis, is overexpressed in many tumors, including most hepatocellular carcinomas (HCCs) and confers tumorigenicity to non-malignant cells. Transgenic mice that overexpress gankyrin specifically in the hepatocytes surprisingly developed vascular tumors (hemangioma/hemangiosarcomas) in the liver. Liu et al. showed that gankyrin binds to and sequester factor inhibiting hypoxia-inducible factor-1 (FIH-1), which results in decreased interaction between FIH-1 and hypoxia-inducible factor-1α (HIF-1α) and increased activity of HIF-1 to promote VEGF production and vascular tumorigenesis \[[@bb0140]\]. The study suggests that gankyrin might play a physiological role in hypoxic responses besides its roles as an oncoprotein. Gankyrin overexpression also results in decreased cellular levels of p53 and pRb, two key tumor suppressors, leading ultimately to the onset of oncogenic cell functions and fate \[[@bb0145]\].

Last but not least, many studies have demonstrated gankyrin may be a promising target for future therapies in a broad range of cancers. The oncogenic role of gankyrin stems from its inhibition of two important tumor suppressor proteins, retinoblastoma protein (pRb) \[[@bb0150]\] and p53 \[[@bb0155]\], and also its modulation of several vital cellular signaling pathways including Wnt/β-Catenin \[[@bb0160]\], NF-κB \[[@bb0165]\], STAT3/Akt \[[@bb0170]\], IL-1β/IRAK-1 \[[@bb0175]\], RhoA/ROCK \[[@bb0180]\] and hypoxia-inducible factor-1 (FIH-1) \[[@bb0140]\]. Actually, the pathways have been also implicated in RCC progression \[[@bb0185], [@bb0190], [@bb0195]\], which may explain why gankyrin over-expression might lead to more aggressive RCC. These observations provide strong rationale to consider the therapeutic potential of gankyrin inhibition for cancer treatment. Li et al. used adenovirus-delivered siRNA to target gankyrin in hepatocellular carcinoma \[[@bb0200]\]; Panobinostat (LBH589), a hydroxamic acid-derived histone deacetylase inhibitor, has shown promising anticancer effects through down-regulating gankyrin/STAT3/Akt pathway \[[@bb0170]\]. Perhaps more directly relevant is the discovery of a small molecule named cjoc42 that is capable of binding to gankyrin. Cjoc42 can inhibit gankyrin activity and prevents the decrease in p53 protein levels normally associated with high expression of gankyrin, and cjoc42 restores p53-dependent transcription and sensitivity to DNA damage. \[[@bb0210]\]. Nevertheless, the mechanisms of gankyrin\'s tumorigenic activities are far from being completely understood. Therefore, more efforts are still needed to characterize the comprehensive molecular traits of gankyrin before we can target this protein safely and efficaciously in patients.
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